Abstract-The use of a high-repetition-rate pulsed-pumped fiber optical parametric amplifier (OPA), followed by a narrow optical filter for transparent signal amplification, was proposed. Theory and simulations predict larger gain and gain bandwidth compared to a continuous-wave pump with the same average power. Experimentally, when using a pump with 0.63 W of average power in a 500-m-long highly nonlinear fiber, the gain increased from 19.7 to 29.2 dB, and the bandwidth increased when a CW pump was changed to one that is modulated by a 20-GHz cosine-squared function. Clear eye openings were demonstrated for the amplification of a 10-Gb/s NRZ signal, with a power penalty of 1.5 dB.
I. INTRODUCTION

F
IBER optical parametric amplifiers (OPAs) are promising because of their large and flexible gain bandwidth [1] - [5] . Operation of fiber OPAs with continuous-wave (CW) pumps would be desirable for many practical applications. This would provide gain or idler conversion efficiency independent of time, which is convenient for amplifying or converting input signals with arbitrary modulation formats. However, highly nonlinear fibers available today have a zero-dispersion wavelength λ 0 , which can vary by several nanometers over a few hundred meters [6] - [8] . This in turn prevents the phase-matching condition from being maintained at its optimum value along the fiber. As a result, to date, CW fiber OPAs have not exhibited gain spectra as wide as that predicted by the standard OPA theory, which assumes a fiber with constant λ 0 . In contrast, by using a pulsed pump, which consists of high-peak-power pulses, and a relatively short fiber, one can obtain very wide (> 200 nm)Thus, we see that using a pulsed pump makes it much easier to obtain wide gain spectra with predictable shapes. Unfortunately, the use of a pulsed pump means that the amplified signals cannot, in general, maintain their original format because the gain will not be constant in time but will occur only during the pump pulses. The resulting amplitude modulation of the signal appears to make this approach unsuitable for arbitrary signal formats.
Here, we present a method that makes it possible to use a pulsed-pump OPA for signals with arbitrary modulation formats by using a high-repetition-rate pulsed-pump OPA followed by a narrowband optical filter. As a result, this arrangement works as a CW OPA but with a larger gain and gain bandwidth, which is determined by the peak power used rather than by the average power. In this paper, we demonstrate a 90-nm bandwidth and low-penalty amplification of 10-Gb/s nonreturn-to-zero (NRZ) signals using a 20-GHz pulsed-pump OPA. Asynchronous pulses can also be utilized, which is essentially required to amplify signals in practical systems.
II. THEORY OF HIGH-REPETITION-RATE PULSED-PUMP OPA
We first introduce the principle of operation by means of an example shown in Fig. 1 . The pulsed pump at λ p is intensitymodulated (IM) at 20 GHz [ Fig. 1(a) ]. The input signal at λ s is NRZ-modulated at 10 Gb/s [ Fig. 1(b) ]. The amplified signal [ Fig. 1(c) ] is the product of the input signal and the periodic gain, which is a waveform with the same period as the pump.
The signal and pump input spectra are shown in Fig. 1(e) . Since the pump is periodic in the time domain, its spectrum consists of evenly spaced delta functions. The spectrum of the output signal is the convolution of the spectrum of the input signal and that of the periodic gain; therefore, it consists of equally spaced replicas of the input signal spectrum [ Fig. 1(f) ].
The narrowband optical filter then selects the central lobe of that spectrum, resulting in the waveform of Fig. 1(d) , which closely resembles that of Fig. 1(b) , indicating that the pulsedpump OPA is suitable for amplification of modulated communication signals.
We now turn to the quantitative calculation of the signal gain. We consider a pump with average power P av . If the pump is CW, then the maximum gain is well approximated by G cw = 8.6 γP av L − 6 (in decibels), where γ is the fiber nonlinearity coefficient, P av is the average pump power, and L is the fiber length. In our experiments, γ = 11 the pump is modulated by a square wave, its peak power is P max = 2P av . If the input signal is CW, the output signal is a square wave. To find the power in the central lobe of its optical spectrum, we must consider the envelope of the output signal field (proportional to the square root of instantaneous power, i.e., also a square wave), find its average value, and then square it. Altogether, this yields a signal power gain G pulse = 2 G cw = 47.7 dB for the aforementioned parameters. Hence, we see that if we could implement square-wave modulation of the pump, we could expect to double the signal gain, which would provide a very significant increase.
In reality, it is clearly not practical to implement precisely square-wave modulation of the pump. For example, if we consider a pump modulated at 20 GHz, we might need to use up to ten harmonics in order to have a good approximation of a square wave. This would imply a bandwidth of 200 GHz for the modulation electronics, which is not practical. In practice, it is thus more likely that the pump modulation waveform will occupy a much smaller spectrum and will thus exhibit rounded edges.
Calculating the signal gain for such pump modulation is considerably more complicated than for a square wave. For this reason, we do not provide a closed-form solution. Instead, we have performed numerical simulations using OptSim [9] . Fig. 2 shows results of simulations performed for different types of pump modulation waveforms and a CW signal. We used a raised-cosine function, whose shape can be varied by changing the rolloff parameter ρ; ρ = 0 corresponds to a square wave, whereas ρ = 1 corresponds to cosine-squared modulation, which is the least demanding for the modulation electronics. Intermediate values of ρ give waveforms that look like square waves with rounded edges, which can provide good models for practical waveforms. For comparison, we have also shown in Fig. 2 the gain curve for a CW pump. We verify that, as previously shown, square-wave modulation should provide a large increase in maximum gain. On the other hand, cosinesquared modulation provides a smaller gain improvement. The reason for the difference is qualitatively clear: For a square wave, the pump power spends a full half-period at P max = 2P av , whereas for cosine-squared modulation, it only reaches P max at one instant during one half-period.
The maximum gain obtained by numerical simulation does not quite match that obtained by simple analytical calcula- tion. There are two possible reasons for this, due to effects that are present in OptSim but not in the simple formula: 1) stimulated Raman scattering, which is responsible for the slight asymmetry of the spectrum [1] ; 2) gain saturation, which may occur even for low signal input power when high gains are obtained; and 3) modification of the pump spectrum by modulation instability.
Let us now turn to the gain bandwidth, which we define as that region over which there is appreciable signal gain. For a CW fiber OPA made from a uniform fiber and λ p = λ 0 , the gain bandwidth (on one side of λ 0 only) is
where c is the speed of light in vacuo, and β (4) is the fourthorder dispersion coefficient [3] . The fourth-root dependence of ∆λ 4 on power indicates that for a pump modulated by a square Fig. 3 . Setup for signal gain measurements (TLS, tunable laser source; PC, polarization controller; PM, phase modulator; EDFA, erbium-doped fiber amplifier; TBF, tunable bandpass filter; HNL-DSF, highly nonlinear dispersion-shifted fiber; ISO, isolator; VOA, variable optical attenuator; OSA, optical spectrum analyzer).
wave, with peak power equal to 2P av , ∆λ 4 will be increased by 2 1/4 = 1.19, i.e., by a modest amount. This is in agreement with Fig. 2 .
We also note in Fig. 2 that all the modulated waveforms have the same gain bandwidth. This is due to the fact that they all have the same peak power P max = 2P av . If we think of the expression for ∆λ 4 as being applicable on an instantaneous basis, with the instantaneous power replacing P av , we conclude that the instantaneous ∆λ 4 reaches but never exceeds ∆λ 4 (P max ). As a result, looking over one period, there is always some gain for wavelengths within that range but none outside; hence, the gain bandwidth is always given by ∆λ 4 (P max ) regardless of the actual waveform, which is in agreement with Fig. 2 .
In a real fiber, λ 0 is not uniform but varies along the fiber length. As a result, the maximum gain will generally be smaller than that in a uniform fiber, and the shape of the gain spectrum will be different. The gain bandwidth may be smaller or larger than ∆λ 4 , depending on where λ p is located with respect to the distribution of λ 0 in the fiber. At larger pump powers, however, the nonlinear phase-matching terms become relatively large compared to the linear ones, and therefore, variations in the latter ones induced by λ 0 variations play a less important role. Therefore, as pump power is increased, gain spectra should tend to look more like those in uniform fibers.
III. GAIN MEASUREMENTS
We first performed signal gain measurements in order to check the predictions of the preceding theory. We did not use signal modulation, as it was not necessary at this stage. The experimental setup is shown in Fig. 3 . The parametric gain medium consisted of 500 m of highly nonlinear dispersionshifted fiber (HNL-DSF) from Sumitomo Electric Industries, Ltd., with nominal λ 0 = 1561.14 nm, a dispersion slope of 0.03 ps/nm 2 , and γ = 11 W −1 km −1 . The pump consisted of two tunable laser sources TLS1 and TLS2 set at λ 1 = 1561.88 nm, and λ 2 = 1562.04 nm (i.e., about 20 GHz apart), respectively, and combined by means of a 3-dB coupler. The sum of these two waves is equivalent to a single carrier at (λ 1 + λ 2 )/2, with cosine-squared IM at the frequency f m = c(1/λ 1 − 1/λ 2 ) = 20 GHz, and 100% modulation depth (i.e., the raised-cosine function of Section II, with ρ = 1) [10] . This method provides a pump with wellcharacterized IM, which can be used for accurate comparison with the theoretical predictions of Section II.
The CW pumps were also phase-modulated by a 2.5-Gb/s 2 7 − 1 pseudorandom bit sequence (PRBS) to suppress stimulated Brillouin scattering (SBS). Two phase modulators PM1 and PM2 were cascaded to obtain a high Brillouin threshold. Polarization controllers PC1 and PC2 aligned the pump's state of polarization (SOP) with PM1, whereas PC3 aligned it with PM2, which helped to reduce the insertion loss.
The signal was provided by another tunable laser source TLS3. The OPA gain was maximized by aligning the SOP of the pump with that of the signal by PC4 and PC5. The signal was combined with the pump by a 90/10 coupler, and the two then entered the HNL-DSF.
The output of the HNL-DSF was attenuated, and the optical spectrum was observed on the Optical Society of America (OSA). When observed with a high resolution, the spectra of the pump, signal, and idler were seen to consist of a few narrow peaks, which are separated by 20 GHz, as expected. In order to measure the signal gain defined in Section II, it was necessary to select only the central peak of the signal spectrum; we found that an OSA resolution of 0.1 nm was suitable. Fig. 4 shows the signal gain spectrum measured in this manner, with a total average pump power of 28 dBm (631 mW). For comparison, we also repeated the measurement with a CW pump, with the same power (in all cases, the gains were ON-OFF gains, i.e., the difference in decibels between the signal output powers with the pump on or off).
As expected from Section II, we indeed observe that the gain spectrum is improved in two key respects by using a pulsed pump instead of a CW one. We first note that the maximum gain is increased from 19.7 to 29.2 dB. We also note that the gain spectrum looks wider. However, because the definition of bandwidth is not unique, it is somewhat difficult to quantify the improvement unambiguously.
Comparing with the theoretical plots of Fig. 2 , we see that there is fairly good agreement between the pulsed spectra. On the other hand, for the CW spectra, the experimental one is far worse than the theoretical one. These observations are in good qualitative agreement with the types of gain spectra expected in a fiber with significant longitudinal variations of λ 0 , as we discussed in Sections I and II: CW experimental spectra generally look worse than the theoretical ones, but the difference is reduced for pulsed spectra (with higher peak pump power).
IV. PERFORMANCE MEASUREMENTS
We then performed experiments to investigate the systemlevel performance of the technique, with the carrier now being modulated by a binary NRZ communication signal. The experimental configuration is shown in Fig. 5 . We describe in detail only those parts that are different from those in Fig. 3 .
The tunable laser source TLS1, which is set at 1561.96 nm, served as the single pump source. It was IM by two electroabsorption modulators (EAMs) (we used EAMs here instead of two CW pumps to try and better approximate squarewave modulation because it can provide better performance, as shown in Section II). The duty cycle used was 20%, which corresponds to 7 dB of modulation loss. Each EAM also had another 10 dB of insertion loss; hence, the total loss incurred in the two cascaded EAMs was 27 dB. A C-band EDFA (EDFA1) was placed between the two EAMs to compensate for their large induced loss. The EAMs were driven by a 10-GHz clock from the pattern generator. The pump after the EAMs thus became a 10-GHz train of pulses, with full-width at half-maximum (FWHM) of about 15 ps. It was amplified by EDFA2 and filtered by a 3-nm bandwidth tunable bandpass filter TBF1 to reduce the amplified spontaneous emission (ASE) noise. It was then optically multiplexed by an optical delay line (ODL) and two 50/50 couplers to form a 20-GHz pulse train (with a 40% duty cycle). PC3 and PC4 helped to align the SOPs in the two branches, while VOA1 and VOA2 were used to equalize their powers. The pump was further amplified by EDFA3, which had a maximum output power of 3 W. TBF2 was a high-power tunable bandpass filter with a 3-nm bandwidth used to reduce the ASE noise of EDFA3.
The signal was again provided by TLS3, which is now modulated by a 10-Gb/s NRZ 2 23 − 1 PRBS. Amplification by EDFA4 saturated the OPA gain, which helped suppress the noise in the mark level. The output spectrum of HNL-DSF was filtered by a circulator and fiber Bragg grating (FBG) filter, which had a passband width of 0.158 nm. The FBG and circulator had insertion losses of 0.5 dB and 1 dB, respectively. Because the dispersion of the FBG was about 1000 ps/nm, we used about 60 km of single-mode fiber (SMF) to compensate it. The SMF (not shown in Fig. 5 ) was placed just after the circulator and before the EDFA5. Its total loss was 12 dB. Eye diagrams and bit-error-rate (BER) curves were measured with the digital communication analyzer (DCA) and BER tester, respectively.
The performance of the pulsed-pump OPA is shown in Fig. 6 . The eye patterns with synchronous pump, where the 20-GHz pulsed pump was synchronized with the 10-Gb/s signal, are shown on the left. Fig. 6(a) is the waveform before the FBG filter. It shows that the input 10-Gb/s NRZ signal was sampled at 20 GHz by the pulsed OPA. After passage through the FBG, the 20-GHz spectral component was rejected, and the 10-Gb/s NRZ signal was recovered, as shown in Fig. 6(b) .
In order for this OPA to amplify input signals transparently, a narrowband optical filter is necessary. However, if a pulsedpump OPA is used as preamplifier for an optical receiver, an electrical lowpass filter can be a good alternative to the narrowband optical filter. Fig. 6(c) shows the received signal waveform obtained by using an electrical lowpass filter instead of the narrowband optical filter.
In Fig. 6(b) and (c), the residual 20-GHz ripple is due to the imperfect characteristics of the available filters; it could be reduced by using better filters.
BER plots for the output signal, which correspond to Fig. 6(b) , are shown in Fig. 7 . Although a penalty of 1.5 dB was observed, error-free operation was confirmed, which proves the feasibility of using the pulsed-pump OPA for amplifying NRZ signals. The penalty is thought to result mainly from the imperfections of the optical filter characteristics, i.e., its bandwidth, dispersion, and dispersion ripple.
Note that when we measured the BER, the input signal power was raised to about 1 dBm, which reduced the gain by saturation (pump depletion) to 8.5 dB. This improved the optical signal-to-noise ratio (OSNR) and the BER because signal intensity fluctuations are reduced when the gain is saturated [11] .
Asynchronous pumping was also investigated, where the repetition rate of the pulsed pump was 2 Hz higher than twice the bit rate of the input NRZ signal. The output eye pattern from the asynchronous pulsed-pump OPA, triggered by the signal clock, is shown in Fig. 6(d) . The eye opening for the signal recovered by the optical FBG filter is shown in Fig. 6(e) . Fig. 6(f) shows the eye opening when an electrical lowpass filter was used. Asynchronous pumping is not expected to induce additional penalty because the only limitation of the proposed technique is that the repetition rate of the pulsed pump should be higher than twice the bit rate of the input signal. This is better understood in the frequency domain, as depicted in Fig. 1(e) and (f). A sufficiently narrowband optical filter at the output can recover the original (amplified) signal, irrespective of any pump and signal synchronization mismatch.
V. DISCUSSION
We have proposed and experimentally verified that the use of a high-repetition-rate pump OPA, followed by a narrowband Fig. 7 . BER performance of 10-Gb/s NRZ signal amplified by the 20-GHz pulsed-pump OPA, followed by a narrowband optical filter. optical filter, can provide significant improvements in gain and gain bandwidth, compared to a CW pump. Naturally, one should expect that these improvements are subject to tradeoffs with some other aspects of the OPA performance.
An important tradeoff is with usable bandwidth. The gain spectra shown in Sections II and III were obtained by changing the wavelength of a single input signal. Unfortunately, they cannot be used for simultaneously amplifying a number of channels placed very close together as in a dense wavelengthdivision multiplexed (DWDM) system. The reason for this is that the pulsed-pump OPA generates replicas of the spectrum of each signal, as shown in Fig. 1 (where they are spaced 20 GHz apart). Hence, if we attempted to transmit two different input signals spaced by 20 GHz at the OPA output, their spectra would strongly overlap and we would experience a large amount of crosstalk when selecting either output signal. We could still simultaneously send several input signals, but they should be spaced far apart enough for this type of crosstalk to be negligible. This would prevent placing signals as close as those in DWDM and would thus lead to a reduction in bandwidth utilization compared to an OPA with a CW pump.
According to Nyquist's sampling theory, the repetition rate of the pump pulses should be higher than twice the signal bit rate. In spite of the fact that our sampling rate was at the Nyquist limit, a clear eye opening was demonstrated. A higher repetition rate for the pump pulses will lead to a better recovered waveform.
An interesting aspect of using a pulsed pump is that the SBS threshold is increased, compared to a CW pump with the same power, because the total power is then spread over several frequency components. In particular, when the initial pump consists of two CW waves, the increase is at least 3 dB because each wave has half the total power. In a high-gain OPA, pump self-phase modulation (SPM) further broadens the spectrum [10] , reducing the power of the initial waves and further increasing the SBS threshold. This feature should make it easier to obtain gains of the order of 60 dB or higher, which is difficult to do with CW OPAs [12] .
Dispersion of the associated pump pulses and walk-off effects between pump pulses and signal pulses has not been accounted for in our analysis mainly because these effects are quite small at the wavelengths of operation for typical highly nonlinear fibers used for OPA devices. For example, if we assume that the pump and signal are at 1562 and 1542 nm, respectively, then the walk-off parameter between the pump and signal is d p−s = |β 1 (λ p ) − β 1 (λ s )| ≈ |D(λ c )| · |λ p − λ s |, where β 1 is the first-order derivative of the propagation constant, D is the chromatic dispersion coefficient in ps/(nm · km), and λ c = (λ s + λ p )/2 = 1552 nm. Based on the parameters of the fiber used, the walk-off parameter value is d p−s ≈ 5.5 ps/km. If we assume pump pulses of 15-ps width (same as the pulses in our experiment), the walk-off length would be L w = 15 ps/(5.5 ps/km) = 2.7 km L HNLF_OPA = 0.5 km. Thus, we do not expect the pulse walk-off to play an important role in the performance of the proposed configuration. Any fluctuations in the dispersion along the fiber (e.g., zerodispersion wavelength fluctuations) would affect the walk-off parameter d s−p , which is by itself too small to induce performance degradation. Dispersion effects on the width of the pump pulses in the HNLF can also be neglected. The dispersion at the wavelength of the pump is D(λ p ) = 0.026 ps/(nm · km), which corresponds to β 2 (λ p ) = 0.033 ps 2 /km. Thus, for 15-ps pulsewidth, the dispersion length for the pump pulses is 
VI. CONCLUSION
A high-repetition-rate pulsed-pump OPA followed by a narrow optical filter was introduced to amplify communication signals with arbitrary modulation formats. This arrangement can provide larger gain and gain bandwidth than the same OPA with a CW pump of the same power. We experimentally confirmed the concept by demonstrating a gain increase from 19.7 to 29.2 dB and a bandwidth increase by switching from a CW pump to a modulated one. Low-penalty amplification was obtained for 10-Gb/s NRZ signals using a 20-GHz pulsed pump. The proposed concept may find applications in the transparent amplification of wideband signals.
